turbances (Benke 1984)
. Since the late 1940s, when early attempts to control forest insects were made using DDT and other insecticides, many studies have documented the effects of insecticides on stream fauna (see Wallace and Hynes [1981] and Muirhead- Thompson [1987] for comprehensive reviews). Direct toxic effects include the elimination of many organisms and subsequent reduction in benthic standing stocks. Indirect effects of pesticide application may include increased numbers of some taxa, presumably because of reduced predation or competition for food or both (Hurlbert 1975) . Most studies that have assessed the impact of insecticides on aquatic macroinvertebrates have examined only changes in abundances of taxa. To our knowledge, changes in secondary production have not been addressed. Secondary production measurements account for differences in turnover rates among taxa. Therefore, these measurements permit a better understanding of the relative roles of animals within the stream community, and provide a more appropriate means of assessing the effects of communitylevel changes on ecosystem-level processes (Benke 1984).
Our primary objective in the present study was to examine the effects of insecticide on macroinvertebrate and larval salamander community structure and production in a lst-order Appalachian stream. To accomplish this objective, faunal structure and production and organic matter relationships in the two major habitats were assessed in three undisturbed streams in the first year (Yr 1). This information was then used as a base against which we examined the effects of insecticide treatment of one stream in Yr 2. A severe drought in Yr 2 provided a rare opportunity to compare effects of this natural disturbance with those of the insecticide treatment on macrofaunal communities of these streams.
Study Sites
The three streams examined are within the Coweeta Hydrologic Laboratory (US Forest Service) in western North Carolina. Coweeta is a 1625-ha drainage basin in the Blue Ridge Province of the southern Appalachian Mountains. Detailed descriptions of the Coweeta basin can be found in Swank and Crossley (1988 of this mixture are referred to in this paper as the mixed substrate habitat. The remaining substrate was composed of stretches of bedrock outcrop with growths of moss. The overall roughness of the streambed topography resulted in high retention, with abundant accumulations of leaves and wood. Additional information about the study streams has been reported by Wallace et al. (1986) and Cuffney et al. (1990) . In Yr 1 of the present study, C 53 was in its fifth year of recovery from insecticide treatment. The insecticide methoxychlor had been applied to C 53 in 1980 during a previous study that examined the role of invertebrates in the processing of leaves and the export of organic matter (Wallace et al. 1982 , 1986 , Cuffney et al. 1984 .
Precipitation during our study was 77% of average during Yr 1 and 63% of average during Yr 2 (Table 1) . During the second year, the southeastern US experienced the most severe drought in 56 yr of record keeping at Coweeta Hydrologic Laboratory.
Methods

Benthic sampling
Macrofauna and benthic organic matter were sampled by two methods. The mixed substrate habitats were sampled with a 400-cm2 corer. All material within the corer was removed by hand and with a cup to a depth of approximately 10 cm or bedrock. Following sample removal, water depths were measured at five locations to obtain an average depth of water remaining in the corer for volume estimates. Following agitation, a subsample of the water in the corer was removed for later organic matter quantification. Bedrock outcrops were sampled by scraping and brushing moss and associated material from a 15 x 15-cm area into a plastic bag pressed to the rock surface. In Yr 1 (October 1984 to September 1985), samples were collected monthly from all three streams, C53, C54, and C55. In Yr 2 (January 1986 to November 1986), samples were collected during alternate months from two streams, C54 and C55. Seven benthic samples, four from mixed substrates and three from bedrock outcrops, were collected from each stream on each sampling date. Sample locations were selected from a random number table. If the appropriate habitat type was not present at the preselected location, the sample was collected at the closest upstream site.
Organic matter in samples, including invertebrates and salamanders, was elutriated from the inorganic substrate, passed through nested 1-mm and 250-Am sieves, and preserved in a 6-8% formalin solution containing Phloxine B dye. All animals were removed from the coarse particulate organic matter (CPOM) on the 1-mm sieve by hand picking under 15 x magnification and were preserved in 6-8% formalin solution. CPOM was separated into leaf, wood, seed, moss, and miscellaneous categories, then dried, weighed to the nearest 0.01 g, ashed (12 h), and reweighed. Fine particulate organic matter (FPOM) was composed of three fractions: fine benthic organic matter (FBOM: < 1 mm > 250 Am), very fine benthic organic matter (VFBOM: <250 ,im), and organic matter in water (OMW: <1 mm) that remained in the core following removal of other material. FBOM (material on the 250-Lam sieve) was placed in graduated bucket with a known volume of water, stirred, and subsampled (<1% removed) with a graduated syringe. The remainder of the sample was concentrated on a 250-,um sieve and preserved (6-8% formalin) for later sorting of invertebrates. The subsample was filtered onto a preashed, pre-weighed glass fiber filter (Gelman A/E). Filters were oven dried (60? for 7 d), weighed to the nearest 0.01 mg, ashed (500?C for 2-12 h), and reweighed to determine ash free dry mass (AFDM). For all material passing through the 250-,um sieve (VFBOM), volume was recorded and a subsample taken and processed as described above for FBOM. No invertebrates were removed from the < 250, m fraction. OMW was estimated by measuring the concentration of organic matter in the subsample removed from the corer. A 10-20-mL subsample was filtered and processed as described for FBOM.
Material in the <l-mm > 250-g,m size fraction was subsampled (1/ to /4 of whole sample) using a sample splitter (Waters 1969) Production of non-Tanypodinae chironomids was estimated using the community-level method of Huryn and Wallace (1986) and Huryn (1990), and has been discussed by Lugthart et al. (1990) . The product of standing stock biomass and annual production/biomass (P/B) ratio was used to estimate production for the remaining taxa. Empirically derived P/B values of 0.58 for crayfish (Cambarus bartonii, Huryn and Wallace 1987c) and 18 for Copepoda (O'Doherty 1988) were assumed. Theoretical P/B values of 5 and 10 were used for eight taxa considered to be univoltine and bivoltine, respectively (Waters 1977) (see Appendix 1). With the exception of oligochaetes, these taxa formed a very small portion of total biomass. Because oligochaete taxa were grouped, and voltinism was uncertain, production was estimated using a P/B value of 5. We recognize that these estimates may be conservative given that high reproductive rates have been observed in some oligochaete taxa (Brinkhurst and Cook 1980). Production was estimated separately for the mixed substrate and bedrock outcrop substrate. Production for an entire stream was calculated according to the proportion of bedrock outcrop and mixed substrates shown in Table 1 .
Animals were assigned to the following functional feeding groups: shredder, collector-gatherer (=gatherer), scraper, collector-filterer (=fil-terer), or predator. Designations were made following Merritt and Cummins (1984) or based on our knowledge of the local fauna (see Appendix 1). Because crayfish use several feeding mechanisms (Momot et al. 1978), their production was divided among the shredder (i/2), gatherer (1/4), and predator (1/) functional groups. Salamanders were the only vertebrates found in the study streams; their larvae were assigned to the predator functional group because they feed almost exclusively on aquatic invertebrates (Lugthart 1991). Adult salamanders are amphibious and consume much terrestrial prey (Hairston 1949, Krzysik 1979); their production was not estimated in our study.
Food ingestion by major functional groups was estimated by dividing production values by the product of assimilation efficiency (AE) and net production efficiency (NPE) (Benke and Wallace 1980). Efficiencies were obtained from the literature. An AE of 85% and an NPE of 50% were assumed for predators (Lawton 1970 ). An AE of 13% and an NPE of 38% were used for shredders (McDiffett 1970 , Perry et al. 1987 ). We used the values of Ross and Wallace (1983) from a nearby Coweeta stream for estimates of ingestion and bioenergetic efficiencies for different taxa of filterers. An AE of 5% and an NPE of 33% were assumed for gatherers. These values are slightly lower than those generally assumed for detritivores (Benke and Wallace 1980). Fisher and Gray (1983) calculated assimilation efficiencies of 7-15% for several gatherer taxa that fed on material collected from algal mats. Ingestion and production estimates were placed into primary and secondary consumer levels. The secondary consumer level included all predators and the proportion of production and ingestion attributable to animals in the diets of the filter feeders Parapsyche and Diplectrona (Ross and Wallace 1983). The primary consumer level included the gatherers, shredders, scrapers, and the remainder of the ingestion and production of the filter filters. Our estimates of ingestion are coarse since assimilation and net production efficiencies were applied to entire functional groups which probably contained taxa with varying diets.
Cluster analysis was used to assess similarities of animal communities among streams and between the two study years. Analyses were performed on untransformed habitat-weighted production estimates of all taxa, and on habitatweighted and habitat-specific estimates of functional group production. The cluster analysis used the chord distance measure and the flexible strategy (with beta = -0.25) (Ludwig and Reynolds 1988).
Pesticide treatment
The insecticide methoxychlor (1,1,1-trichloro-2,2-bis [p-methoxyphenyl]ethane; CAS no. 72-43-5) was applied seasonally to C 54 during the second year of the study, as described by Wallace et al. (1989) . Briefly, the procedure was to treat the entire stream channel from flume to spring seeps. Two hand-sprayers were used to apply the insecticide for 4 h (December 1985) and 2 h (March, June and September 1986) at a rate (based on discharge at the flume) that would result in a concentration of 10 mg/L in the water column. C 55 served as a reference stream during both study years.
Results
Benthic organic matter
Habitat-weighted standing crops of CPOM and FPOM in the three streams showed the same pattern: C 53 > C 54 > C 55 (Table 2) . Considering mixed substrates alone, standing crops of total CPOM and FPOM were significantly lower in C 55 than in the other two streams during Yr 1 (Table 2) . In Yr 2, total CPOM standing crop in the mixed substrate of C 55 was again lower than that in C 54; total FPOM did not differ significantly between streams. The higher total CPOM standing crops in C 53 and C 54 were primarily a result of wood standing crops which were 26-39% higher in these streams than in C 55. Table 2 ). The higher total FPOM standing crops in the mixed substrates of C 53 and C 54 compared with C 55 during Yr 1 resulted from significantly higher levels of VFBOM in both streams, and significantly higher levels of FBOM in C 53. There were no significant differences in Yr 1 versus Yr 2 levels of mixed substrate CPOM or FPOM standing crops within either C 54 or C 55.
Although CPOM standing crops on the bedrock outcrops followed the same trends observed for the mixed substrates (i.e., C 53 and C 54 > C 55), much lower detrital standing crops and higher variability resulted in no significant differences between streams in either year (Table 2 ). However, in C 55, standing crops of leaves and total CPOM on the bedrock outcrops were significantly higher in Yr 2 compared with Yr 1. A similar increase in CPOM standing crops was observed on the bedrock outcrops of C 54, but between-year differences were not significant. Standing crops of VFBOM and total FPOM in C 53 were significantly higher than in C 55 in Yr 1.
Production in year 1
Annual habitat-weighted production of macrofauna in Yr 1 was highest in C 53 (14.0 g/m2), intermediate in C 54 (Yr 1 = 11.5 g/m2), and lowest in C 55 (Yr 1 = 8.9 g/m2) ( Table 3) . Cluster analysis indicates that the communities in C 54 and C 55 during Yr 1 were most similar and that the community in C 53 was similar to that in C 55 during Yr 2, with each of these pairs forming a distinct cluster (Fig. 1A) . Production in mixed substrates was 1.5 to 3.4x greater than that on bedrock outcrops (Table 4) . Diptera were the largest contributors (38-41%) to total macrofaunal production in all communities (Table 3 ). The family Chironomidae accounted for most of this production (see Appendix 1). Trichoptera, Plecoptera, and Odonata also made substantial contributions to total production in the untreated streams (Table 3) .
Insects composed 81-86% of total production in Yr 1. Oligochaeta were the dominant noninsect contributors to total production (4-7%),
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[Volume 11 with the notable exception of Copepoda in C 53, whose production in C 53 was > 1 g/m2 and formed 8% of total production. Larval salamander production was highest in C 53.
Functional group habitat-weighted production was similar among communities in Yr 1 and was distributed fairly evenly among the 2C ) was fairly similar to that based on production estimates, however, the contributions of gatherers and predators were proportionally lower and higher, respectively. In Yr 1, the relative contributions of the functional groups to total production in the mixed substrate habitat (Table 4 ) were similar to those described for habitat-weighted production ( Fig.  2A) , a consequence of the predominance of this habitat in the streams (Table 1 ). In contrast, on the bedrock outcrop, production of filterers and predators accounted for a greater (13-48%) and lesser (13-17%) proportion of total production, respectively (Table 4) .
In the bedrock outcrop habitat, the greatest differences in functional group production were observed for the filterer and shredder groups. Filterer production in C 53 was about 2.7-4.5 x lower than in C 54 and C 55 in Yr 1, and shredder production in C 53 was about 1.2-2.8 x higher than in C 54 and C 55 in Yr 1 (Table 4 and Appendix 1). The dendrogram in Figure 1B shows the similarity between the untreated mixed substrate communities as well as the distinction between these communities and those on the bedrock outcrop.
Production in C 55 in year 2
Although C 55 served as a reference stream, the record low precipitation (56-yr) in Yr 2 offered a unique opportunity to examine the influence of severe drought on invertebrate production in this stream. Habitat-weighted production increased from 8.9 g/m2 in Yr 1 to 10.1 g/m2 in Yr 2 in C 55. Production levels varied between years for a number of taxa. Plecoptera production decreased by 35% from Yr 1 to Yr 2; stoneflies formed a large portion (19%) of total production in C 55 and C 54 during Yr 1, but only 11% of total production in C 55 during Yr 2 (Table 3) . Stonefly production and per- cent contribution to total production in C 55 in Yr 2 resembled those in C 53 in Yr 1 (Table 3) . This similarity was primarily due to relatively low production of Peltoperlidae in both streams (Appendix 1, Fig. 4 ). Ephemeroptera production in C 55 decreased by 76% between years because of lower production of taxa such as Paraleptophlebia (Fig. 4) and Serratella. Production of Parapsyche, a filter-feeding caddisfly that we found almost exclusively on bedrock outcrop, decreased by 80% (Fig. 4) . Other groups, such as Chironomidae and Decapoda, had substantially higher levels of production in Yr 2 (Fig. 4) . Odonata production increased by 62%, a result of much higher production of Lanthus (Fig. 4) . As a consequence of faunal changes between years in C 55, the community there during Yr 2 clustered with that in C 53 in Yr 1, rather than with the community in C 55 in Yr 1 (Fig. 1A) .
Production in C 54 during insecticide treatment
A dramatic change in community structure was seen in C 54 during insecticide treatment in Yr 2 when the fauna was compared with the previous year. Total annual production in C 54 decreased by 62%, whereas a 12% increase was seen in C 55 from Yr 1 to Yr 2. In C 54, Oligochaeta accounted for 38% of macrofaunal production (Table 3) , increasing 61% between years. Diptera (primarily Chironomidae) production in C 54 decreased by 72% between years, yet this order remained important, accounting for 30% of total production. Production of Trichoptera, Plecoptera, and Ephemeroptera was severely reduced (96-99%) during the treatment year. Although Odonata production changed very little with treatment, they constituted a greater proportion (13%) of total production. In addition to Oligochaeta, copepods were also important contributors to the production of noninsect invertebrates. Most of the increase in total copepod production in Yr 2 occurred on bedrock outcrop. Little change in copepod production occurred in mixed substrate habitat (see Appendix 1). Large changes in community structure during treatment are reflected by the dissimilarity between this community and others (dendrogram, Fig. 1A) .
Total (Fig.  3) . The three gatherer taxa in C 54 that contributed most (78%) to production in Yr 1-Chironomidae, Oligochaeta, and Copepoda-dominated production of gatherers (98%) in Yr 2 and were the principal contributors to production of the entire macrofaunal community (Fig.  4, Appendix 1) . Although habitat-weighted chironomid production decreased by 64% in Yr 2, copepod and oligochaete production increased by 26% and 62%, respectively, during treatment of C 54. The increase in habitat-weighted copepod production was a consequence of their 14-fold increase on the bedrock outcrop, whereas production increased very little in the mixed substrate (Appendix 1). Although the actual increase in production of oligochaetes was greatest in the mixed substrate, the relative change in production on the bedrock outcrop was much to habitat-weighted macrofaunal community production in C 54 during Yr 2 contrasted sharply with that of the previous year (Figs. 2AX  3) . The marked difference between the insecticide disturbed community and the others, in terms of habitat-weighted functional composition and level of production, is illustrated by cluster analysis (Fig. 3) . The disturbance of functional structure in C 54 in Yr 2 was also revealed by estimates of standing stock biomass (Fig. 2C) ; however, little change was seen in terms of abundances (Fig. 2B) . Gatherers were the dominant functional group in C 54 during treatment. Although gatherer production accounted for more community production than other functional groups in C Production of other functional groups in C 54 during treatment decreased much more than that of gatherers. Within the mixed substrate habitat, functional groups arranged in order of increasing proportional losses of production between years were as follows: gatherers (16%) < predators (71%) < filterers (77%) < shredders (87%) < scrapers (93%) ( Table 4) (Fig. 4) . The only predators to show increases in production during treatment were Cordulegaster, Turbellaria, and Acari. Little change in Turbellaria production was measured in the mixed substrate, while on the bedrock outcrop production in Yr 2 was 14x higher than in Yr 1 (Appendix 1). The similarity in functional structure among mixed substrate and bedrock outcrop communities during treatment of C 54 is evident from the dendrogram in Figure 1B . Both communities were dominated by the gatherer functional group and thus were grouped together and linked only distantly with communities of untreated streams. Cluster analysis of abundance data yielded a very different arrangement of groups; the distances between communities, including those of the treated stream, were small compared with biomass and production clusters (Fig. 1) .
Community P/B ratios
Community P/B ratios in Yr 1 ranged between 4.1 (C 54) and 5.0 (C 53) in the mixed substrate habitat and between 4.8 (C 53) and 6.0 (C 54) on the bedrock outcrop (Table 4 ). The lower P/B in C 54 was partially a consequence of the high standing crop of crayfish which accounted for 23% of total mixed substrate biomass but contributed only 3% to production. Community P/B ratios in C 54 in Yr 2 were higher: 4.9 in the mixed substrate and 6.4 on the bedrock outcrop, indicating a shift to smaller animals with shorter generation times. In contrast, P/Bs decreased in C 55 during the second year to 3.5 in the mixed substrate and 3.8 on the bedrock outcrop. Crayfish, with their low P/Bs, again influenced mixed substrate community P/Bs because of their elimination in C 54 and their substantial increase in C 55 (Appendix 1). The decline in bedrock outcrop P/B in C 55 was due largely to the decrease in numbers of Parapsyche and D. modesta.
Resource ingestion by functional groups
Shredders consumed an estimated 28-47% of average annual standing crop of leaves in the untreated streams, but only 4% of the leaf standing stock in the treated stream (Fig. 5A) . Ingestion by gatherers was the highest among the major functional groups in all streams because of their high levels of production and low assimilation efficiencies. Gatherers consumed roughly 34-67% of total annual habitat-weighted FPOM standing stocks in the untreated streams and 26% of FPOM standing stock in the treated stream (Fig. 5B) . Secondary consumers ingested a large portion of the animal production in all streams. Approximately 74-83% of total habitat-weighted macrofaunal production was consumed in the untreated streams (Fig.  5C ). In the treated stream, an estimated 51% of macrofaunal production was ingested by secondary consumers.
Discussion
Production and functional structure among untreated streams Total habitat-weighted production estimates in untreated streams during the two study years fell approximately in the middle of the range of values reported from other streams (Table 5) .
Habitat-weighted production in all three streams exceeded macrofaunal production measured in C 27 (Huryn and Wallace 1987a), a larger, higher-elevation stream at Coweeta. The higher production in our study streams compared with C 27 was probably in part a consequence of warmer thermal regimes (4500-4700 degree-days/yr in C 53-C 55 vs. 2800-3300 degree-days/yr in C 27) which result in shorter CPIs for some taxa in the warmer streams. Furthermore, the streams in our study had greater standing stocks of organic matter which may have supported higher overall macroinvertebrate abundances. The community P/B ratios observed in our streams were somewhat higher than those of C 27 and other Ist-order streams at higher latitudes, e.g., those studied by Mortensen and Simonsen (1983) and Iversen (1988), while the ratios were lower than those found in a 2nd-order Massachusetts stream and two southern blackwater streams (Table 5) . As noted by Iversen (1988), the relatively low P/B ratios observed in shaded headwater streams reflect the predominance of large-bodied invertebrates with relatively long CPIs, particularly shredders. In both our study and that of Huryn and Wallace (1987a), the abundance of crayfish, with a low P/B ratio, strongly influenced overall community P / B values.
The habitat-weighted and mixed substrate functional composition of the untreated study streams, with the codominance of shredder, gatherer, and predator functional groups, was similar to the functional organization 
Production and organic matter relationships
In the untreated streams, organic matter standing crops appeared important in limiting macrofaunal production. For example, C 55, with TABLE 5. Annual secondary production estimates of lotic macrofaunal communities, and the percent contributions of secondary consumers to total production. Where necessary, units of production were converted to g AFDM using coefficients given in Waters (1977 
Importance of predators
The large contribution that predators made toward total macrofaunal production in our streams is striking. Considerations of the relationships between stream size and macroinvertebrate functional organization in the RCC have excluded predators, stating that this functional group varies little in dominance with stream order and usually forms about 10% of total invertebrate biomass (Vannote et al. 1980 , Cummins 1988). Our findings suggest that invertebrate predators in headwater streams can contribute substantially more than 10% to overall biomass and production. In the untreated streams, invertebrate predators accounted for 33-45% and 26-33% of total annual habitatweighted biomass and production, respectively. Thus, the contribution of invertebrate predators was roughly equal to, or greater than, that of shredders and gatherers. Predators made up a larger portion of total macrofaunal production than generally observed in other community studies (Table 5 ). Huryn and Wallace (1987a) observed a similarly high proportion of predators in C 27, and Smock et al. (1985) found that predators formed 30% of macroinvertebrate production in a low-flow swamp site.
The type of vertebrate predators occurring in a stream and their level of production may be important in determining the relative proportion of macroinvertebrate predator production as a whole. No fish occur in these streams or in C 27; salamanders are the major vertebrate predators, and larval salamanders accounted for a small portion of total macrofaunal production. Since production of adult salamanders was not measured in these two studies, these estimates of vertebrate production are conservative. Yet larval salamanders are expected to be of primary importance in terms of predation on aquatic macroinvertebrates because they almost exclusively consume aquatic prey (Lugthart 1991), whereas adults feed heavily on terrestrial insects (Hairston 1949, Krzysik 1979, W. R. Woodall and J. B. Wallace, unpublished data). Other than those in North Carolina, production values cited in Table 5 include only macroinvertebrate communities; although fish were present, their production was not estimated. If fish production were included in these other studies, the proportion of predator production would be higher. However, the extent to which fish use food of aquatic versus terrestrial origin may vary among sites and communities. The higher proportion of macroinvertebrate predator production observed in the low-order, fishless Coweeta streams may reflect less intense predation pressure and competition from vertebrate predators than in most other streams listed in Table 5 . There are suggestions from other studies in both lentic (Kajak et al. 1972) and lotic (Schofield et al. 1988 ) systems that the presence of fish may result in a lower proportion of invertebrate predators in a community. Studies that estimate both vertebrate and invertebrate production together are rare and are needed before we can better understand the interactions between these important components of the stream community (Benke et al.
1988).
The importance of predators in the untreated study streams is indicated clearly by the large proportion of total macrofaunal production estimated to be ingested by secondary consumers. This fairly high level of ingestion, coupled with a strong relationship observed between primary and secondary consumer production in the mixed substrate habitat among the three streams (r2 = 0.89, p < 0.05), suggests that secondary consumers may be food-limited in these streams. Prey availability was undoubtedly underestimated, however, since meiofauna provide energy to higher trophic levels (O'Doherty 1988) and were not thoroughly sampled because of the sieve size we used (P. B. Vila, University of Georgia, personal communication). The relative magnitude of meiofauna production and the size of its contribution to higher trophic levels requires further study.
No significant relationship was observed between the two consumer trophic levels on bedrock outcrops in the three streams, probably because of substantial variation in filter-feeder production in this habitat. A large portion of Parapsyche and Diplectrona production is derived from ingestion of animals (Ross and Wallace 1983). High secondary consumer/primary consumer ratios on the bedrock outcrop suggest that these filter feeders obtain much of their food not from prey originating within that habitat, but from prey drifting out of the mixed substrate habitat upstream (see Smith-Cuffney and Wallace 1987, Huryn and Wallace 1987a). Neves (1979) noted that trophic level production efficiency (the ratio between secondary consumer production and primary consumer production [Odum 1971]), which he determined in his study to be 13.8%, was similar to that observed in several other studies of benthic invertebrates. Based on this "relative constancy", Neves suggested that a production efficiency of 13% could be assumed and, with the annual production of invertebrate secondary consumers, possibly used to estimate the production of primary consumers. Because of the large contribution to production by invertebrate predators in the present study, much higher trophic level production efficiencies were found, ranging between 47 and 57% in untreated streams. Therefore, our results showed that the 13% production efficiency cannot be applied arbitrarily to different streams. However, the similarity in efficiencies noted among the Coweeta streams and among the larger streams cited by Neves (1979) suggest that, among streams of similar size and functional composition, some consistency in the relationship between trophic levels may exist.
Drought effects
Several taxa in C 55, such as Chironomidae (both Tanypodinae and non-Tanypodinae, see [Volume 11 Lugthart et al. 1990 ) and Lanthus, showed substantial increases in production from Yr 1 to Yr 2 in mixed substrate habitat. These increases may have been related directly or indirectly to severe drought. Wetted channel areas decreased during drought (Wallace et al. 1991a ) and may have resulted in the concentration of some invertebrates. Extence (1981) observed this phenomenon in an English river and noted that it may have resulted from active movement of some invertebrates into wetted channel areas. Canton et al. (1984) reported that invertebrate predators, notably the dragonfly Ophiogomphus severus, increased during a drought year, presumably because of prey concentration. In addition, they found that a number of chironomid taxa had higher densities in the drought year.
Functional structure of the bedrock outcrop community may be more sensitive to a disturbance such as drought than is the mixed substrate community. Drought reduces flow, and causes a shift in the dominant food source from fine entrained particulates to deposits of CPOM and FPOM. Average discharge in C 55 during Yr 2 was only half that of the previous year and, as a result, leaf standing crop on the bedrock outcrop was almost 6 x higher in Yr 2 than in Yr 1. This accumulation of leaves was probably responsible for the higher production of the shredders Peltoperla and Lepidostoma and the lower production of the filter feeder Parapsyche cardis in Yr 2. Parapsyche, which typically inhabit areas of high water velocity, would have been adversely affected by the reduction of suitable attachment sites on the bedrock outcrop caused by the higher leaf standing crops and lower flow rates. Furthermore, lower discharge during drought resulted in lower export of seston (Cuffney et al. 1990), and therefore the supply of drifting prey was probably lower.
The greater negative effects of drought observed on the bedrock outcrop communities of the present study contrasted with responses of invertebrates observed following another type of disturbance, clear-cutting. Gurtz and Wallace (1984) found that, in streams in clear-cut catchments, more taxa increased in density in the bedrock outcrop (rock face) than in any other substrate. They suggested that biological stability may be closely related to physical stability of the substrate. It is evident that the nature of disturbance will determine which substrate offers the best refuge. Clear-cutting enhances sedimentation and thereby causes habitat loss. The bedrock outcrops, subject to higher current velocities, were less susceptible to the deposition of sediments than other substrates and thus provided a superior habitat. In the present study, bedrock outcrop shifted from a site of entrainment to a site of deposition. This resulted in reduction of filter feeders, a dominant functional group in this habitat.
Decreases in production observed between years in C 55 for a number of taxa, such as Paraleptophlebia, Amphinemura, and Peltoperla (in mixed substrate habitat only), may have been related to drought as well. Specific reasons for such changes are unclear. Canton et al. (1984) noted that Ephemeroptera were affected most severely by reduced discharge in a third-order montane stream. They suggested that lower densities observed for mayflies, as well as other taxa, may have been related to loss of habitat and increased predation pressure.
Production per m2 increased in C 55 during the drought of Yr 2; however, when considered on a whole-stream basis, this increase was undoubtedly offset somewhat by loss of wetted perimeter, which varied by about 30% among dry and wet periods in C 55 (Wallace et al. 1991a ). Thus, the effects of drought on production in the entire stream versus per m2 may give different results depending on severity and the extent to which wetted perimeter is reduced.
Production and functional structure within the treated stream Insecticide treatments clearly had dramatic effects on secondary production and functional structure in C 54. The observed changes greatly exceeded those that could be expected as a result of drought alone. The shift from co-dominance of gatherer, shredder, and predator functional groups to the dominance of gatherers reflected the loss of many large-bodied, uni-or semivoltine insect taxa and the increase of smaller animals with shorter life cycles, such as copepods and, potentially, some oligochaetes. Similar shifts in relative abundances and biomass of functional groups were observed in litterbags by Cuffney et al. (1984) during treatment of C 53. It is unlikely that changes in food quality (i.e., microbial conditioning of organic matter) contributed to the reductions in macrofaunal secondary production observed in our study. Bacterial densities and respiration rates in leaves, wood, and sediments in C 54 during treatment did not differ from those prior to treatment or from those in the other streams (Cuffney et al. 1990) . Moreover, hyphomycete fungal activity did not appear to be reduced by insecticide application to C 54 (Suberkropp and Wallace 1992).
The macroinvertebrate community present in C 54 during treatment was primarily composed of organisms that were either tolerant of insecticide or capable of rapid recolonization and growth between treatments. Many taxa, such as Lepidostoma and Peltoperlidae, showed recolonization between some treatments that coincided with adult oviposition periods, but they were present only as early instars. Apparently these taxa were unable to survive insecticide treatments (see Wallace et al. 1991b ) and contributed little to total production. Odonata were apparently tolerant of insecticide in view of 1) their long life cycles (2-3 yr), 2) the collection of large individuals throughout the treatment year, and 3) the increase in Cordulegaster production during treatment. Muirhead-Thompson (1987) reported high degrees of tolerance for four species of dragonfly naiads that were exposed to high concentrations of two chlorinated hydrocarbon insecticides. In their study of insecticide treatment of C 53, Wallace et al. (1987) found that Lanthus was a generalist predator which shifted from a diet primarily of insects to one composed mainly of oligochaetes and copepods.
Chironomidae, Copepoda, and Oligochaeta contributed most to production during insecticide treatment. Chironomids and copepods (and possibly oligochaetes) apparently have shorter life cycles than much of the fauna that dominated production prior to treatment. Their capacity for rapid growth between insecticide disturbances provided these animals with resiliency, and was undoubtedly an important factor in their success. Huryn (1990) found that non-Tanypodinae chironomids in C 53 had life cycles ranging from bivoltine to polyvoltine (> 12 cohorts per year). Aerial recolonization by adult chironomids could take place rapidly because adults were present almost year-round. Tolerance to insecticide may have been a factor contributing to the success of oligochaetes during treatment. Oligochaete abundances and biomass were disproportionately low in collections of drift during insecticide applications compared with their standing stocks in the benthos (Wallace et al. 1989 ). However, other factors, such as their depth in the substratum, may have reduced their propensity to drift.
Although our production estimates for nonTanypodinae chironomids do account for multiple generations (Lugthart et al. 1990) , those of Oligochaeta, and possibly Copepoda, are probably conservative. We estimated copepod production using an annual P:B ratio of 18, which is at the low end of the range (17-30) determined by O'Doherty (1988) in her study of copepods in a Coweeta stream. A P/B of 5 was used for production calculations of oligochaetes because taxa were grouped and voltinism was uncertain. Several studies have reported high reproductive rates for some oligochaete taxa (Brinkhurst and Cook 1980). If oligochaete P/Bs were actually much higher than we assumed, then production of this taxon and the gatherer functional group may have been underestimated considerably in the treated stream. For example, had a P/B of 10 been assumed, habitatweighted oligochaete production in C 54 would have been >3 g/m2 in Yr 2, and total gatherer production would have actually increased over Yr 1 levels.
Primary effects of pesticides have been defined as the direct, toxic effects on growth, survival, or reproduction of animals (Hurlbert 1975). Secondary effects result from changes in community structure and may include population increases due to predator removal (e.g., Ide 1956, Hurlbert et al. 1972) or increased food availability (Hawkes 1955). In the present study, a reduction in predation pressure appeared to play an important role in observed increases of some taxa, such as oligochaetes and copepods. The impact of predation on prey in C 54 is supported by differences in the degree of population changes observed between mixed substrate and bedrock outcrop habitats. The proportion of secondary consumer production within the bedrock outcrop habitat was almost half that found in the mixed substrate habitat. Some predators that had dominated during pretreatment, such as Isoperla and Beloneuria (Plecoptera), were apparently eliminated, while other important taxa, such as Rhyacophila (Trichoptera), Ceratopogonidae, and Dicranota (Diptera), were reduced to very low densities. The fact that copepods increased only on bedrock out-crops, and the much higher proportional increase in oligochaete production in this habitat, suggests that these populations increased as a result of lower predation pressure. It is unlikely that food availability played a role in these increases because the ratio of FPOM to gatherer production in the mixed substrate habitat was approximately 14 The proportion of total habitat-weighted production contributed by secondary consumers in C 54 during the treatment year was only 22%, compared with their contribution of 32% in the pre-treatment year. As a result of this reduction in secondary consumer production, estimates of secondary consumer ingestion in C 54 were only 51% of total macrofaunal production, much less than the proportion consumed in untreated streams (74-83%).
In addition to treatment effects, C 54 experienced loss in wetted area as a consequence of drought in Yr 2 (Wallace et al. 1991a); however, in contrast to C 55, production per m2 in C 54 declined sharply with insecticide treatment and loss of wetted perimeter in Yr 2.
In conclusion, annual benthic production was reasonably similar among untreated streams. Gatherers, shredders, and macroinvertebrate predators were the dominant functional groups. The contribution of macroinvertebrate predators to total annual production was greater than has been reported in most other studies of benthic community production. Organic matter standing crops appeared to play a role in determining levels of production and functional group composition in the untreated streams.
Insecticidal applications severely disturbed the macrofaunal community in C 54, resulting in a large decrease (by 62%) from Yr 1 to Yr 2 in secondary production and a shift in functional structure compared with untreated streams. The impact of this disturbance on leaf litter processing was shown by the large decrease in shredder ingestion during the treatment year. The effects of insecticide applications on functional group structure and production from Yr 1 to Yr 2 in C 54 greatly exceeded those attributable to a record drought in the reference stream, C 55. Although production during Yr 2 decreased by 62% in the treatment stream, overall community production in the reference stream was higher (12%) than that in Yr 1. In summary, both the magnitude and direction of change differed between the natural (drought) and insecticide-induced disturbance.
Our results demonstrate the need for production estimates when assessing resource use by animals and the effects of disturbances on macrofaunal communities. Measures of abundance did not reflect the important roles of shredders and predators in these streams, while biomass measurements underestimated the importance of small bodied gatherers. Furthermore, measurements of abundance greatly underestimated impact of the insecticide treatments on the community.
Macroinvertebrate production formed only a small portion of total energy flow. However, other work in these streams has demonstrated the importance of macroinvertebrates in ecosystem functions and the consequences of loss of macroinvertebrate diversity and production (Wallace et al. 1982 , 1991a , Cuffney et al. 1984 , 1990 . Lower shredder production following insecticide treatment resulted in significant reductions in leaf litter processing rates, the amount of leaf litter processed annually, and 
